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INTRODUCTION
Animals are continuously exposed to external stimuli (experiences) that transiently change their behavior (learning). The salience of the experience and the internal state (motivation) of the organism leads some learned events to persist as memory to guide future behavior. The integration of experience and internal state has been explored at the neuronal level in various organisms including Drosophila (Albin et al., 2015; Krashes et al., 2009 ). However, the intracellular events that transform this neuronal integration into altered network properties remain largely unknown.
Cytoplasmic polyadenylation element binding protein (CPEB), a family of RNA-binding protein (Ivshina et al., 2014) , has been implicated in long-term synaptic facilitation (Miniaci et al., 2008; Si et al., 2010; Si et al., 2003) , long-term potentiation (Alarcon et al., 2004; Zearfoss et al., 2008) , and long-term memory (Fioriti et al., 2015; Keleman et al., 2007) . In Drosophila, the CPEB family member Orb2 is important for persistent memory (>24 hr) (Kacsoh et al., 2015; Keleman et al., 2007; Krü ttner et al., 2012; Krü ttner et al., 2015; Li et al., 2016; Majumdar et al., 2012) . Intriguingly, some of the CPEB family members, including Drosophila Orb2, form stable and self-sustaining aggregates (Majumdar et al., 2012; Si et al., 2010; Stephan et al., 2015) . This aggregation of Orb2 is necessary for longlasting memory (Hervá s et al., 2016; Krü ttner et al., 2012; Li et al., 2016; Majumdar et al., 2012) , and converts Orb2 from a repressor of protein synthesis to an activator (Khan et al., 2015) . However, how Orb2 expression and aggregation are regulated still remains largely unexplored.
The Orb2 gene has two distinct protein isoforms, Orb2A and Orb2B ( Figure 1A) . A single mRNA encodes Orb2A, while Orb2B has several mRNA isoforms ( Figure S1A ) (Hafer et al., 2011) . The Orb2B protein is abundant, while the Orb2A protein is extremely rare with sparse expression (Krü ttner et al., 2012; Majumdar et al., 2012) . Although rare, the Orb2A isoform acts to seed aggregation of Orb2B and is required for persistence of memory (Krü ttner et al., 2012; Krü ttner et al., 2015; Majumdar et al., 2012) . Therefore, Orb2A protein expression, as a determinant of Orb2 aggregation, is an important regulatory step in longterm memory formation.
There are broadly three types of alternative splicing: exon skipping, alternative use of splice sites, and intron retention (Wang and Burge, 2008) . Among these three splicing events, intron retention is the least studied; it is primarily thought to be a consequence of inefficient splicing since retained introns can affect mRNA transport and stability. However, intron rention is quite prevalent in plants (Ner-Gaon et al., 2004) and unicellular organisms, and it can act as a post-transcriptional regulatory mechanism (Boothby et al., 2013; Moran et al., 2008) . Recent genomic studies suggest intron retention may also be prevalent in mammals (Mauger et al., 2016; Wong et al., 2016) and may contribute to the generation of specific protein variants (Altieri, 1994; Bell et al., 2010; Ebihara et al., 1996) , cell-type specific expression (Wong et al., 2013; Yap et al., 2012) , fine-tuned gene expression (Braunschweig et al., 2014) , and mRNA targetting (Buckley et al., 2011) .
Here, we report that in Drosophila melanogaster, a retained intron in Orb2A couples ongoing internal states, such as starvation, to transient external stimuli, such as food and odor, to control Orb2A protein expression and long-lasting memory formation. Failure to remove the intron specifically impairs long-term memory but not learning, and the intron removal is modulated by specific isoforms of the RNA-binding protein Pasilla.
RESULTS

Orb2A mRNA Is Expressed in an Unspliced Form in the Adult Fly Brain
In our attempts to understand regulation of Orb2A protein expression, we analyzed Orb2A mRNA expression in single adult fly heads and bodies. Surprisingly, independent of sex or age, the predominant Orb2A transcript in the adult fly head retains a 297-nt intron with multiple stop-codons in all reading frames ( Figure 1A ). The intron separates the 113-nt long Orb2A specific exon from the common Orb2A/B exon. The intron-retained Orb2A transcript is present in the nervous system of other Drosophila species ( Figure S1B ). In contrast to Orb2A, all Orb2B introns are spliced, producing protein-coding transcripts ( Figure S1C ). Using a genomic construct, we confirmed that the Orb2A transcript is an independent transcript rather than a by-product of Orb2B transcription ( Figure S1D ). Outside the nervous system, the Orb2A transcript is also found in the male germline (Xu et al., 2012) . There, however, the spliced, proteincoding form of Orb2A mRNA predominates (Figures 1B and S1B and S1D) . Taken together, these results suggest that intron-retaining Orb2A transcript is stably expressed specifically in the adult Drosophila nervous system.
Inclusion of Orb2A-Specific Exon in the Mature
Transcript Is Important for Long-Term Memory Intron retention could affect Orb2A protein expression in two non-mutually exclusive ways ( Figure 1A1 ). First, the intronic sequence could terminate translation and prevent expression of Orb2A protein. Second, an Orb2A protein could be expressed from a downstream in-frame methionine ( Figure 1A1 , position 708) lacking the N-terminal 108 amino acids. To determine whether the inclusion of the Orb2A-specific exon is important for long-term memory, we generated flies lacking only the Orb2A-specific exon (Dorb2:pattB-Orb2DAflies). The removal of this sequence did not interfere with Orb2B protein expression ( Figure S1E ). To determine the consequence in memory, we used male courtship suppression, in which a male fly, upon repeated exposure to an unreceptive female, suppresses its courting behavior for days (Hall, 1994) . In this paradigm Orb2DA flies, in contrast to wild-type flies, failed to form stable long-term memory ( Figure 1C ). Taken together with other studies (Keleman et al., 2007; Krü ttner et al., 2012; Majumdar et al., 2012) , these results suggest that inclusion of the Orb2A-specific exon into the mature transcript is important for long-term memory.
A Quantitative Method to Measure the Spliced Orb2A Transcript The prevalence of unspliced transcript in the brain may partly explain the extremely low abundance of the Orb2A protein and raise the possibility that the abundance of the protein-coding, spliced transcript could be a regulatory step in Orb2A protein (C) Orb2A-specific exon is important for long-term male courtship suppression memory. Memory score of wild-type flies (+/+), orb2 null flies carrying either a wild-type genomic rescue fragment (pattB > attP2-Orb2) or a fragment that lacks Orb2A specific sequence (pattB > attP2-Orb2DA) are plotted. The data are plotted mean ± SEM, and statistical analysis was performed using an unpaired two-tailed t test. *p % 0.05, **p % 0.01, and ***p % 0.001. Also see Figure S1 .
expression. Therefore, we sought to measure the abundance of spliced Orb2A mRNA following behavioral training. To this end, we used the associative appetitive memory paradigm for reasons elaborated below. In this paradigm, hungry flies learn to associate an odor with a food reward (sucrose), and the resulting associative memory persists for days (Krashes and Waddell, 2008; Tempel et al., 1983) . To establish a quantitative assay that reliably measured the low-abundance spliced Orb2A mRNA in individual fly heads, we used Orb2 gene-specific primers to synthesize cDNA. In regular RT-PCR, quantitative RT-PCR (RT-qPCR), and RNA sequencing, mature Orb2B mRNA abundance did not change significantly following behavioral training (Figures S2A and S2B) . Therefore, we measured the spliced Orb2A mRNA relative to Orb2B mRNA by using exon-exon junction-specific TaqMan probes (Medhurst et al., 2000) . To confirm that the method indeed specifically detects spliced Orb2A mRNA, we used as controls flies that (1) lack the entire Orb2 locus, (2) lack the Orb2A specific exon, and (3) lack the probe binding site of the Orb2A/Orb2B common was used to generate a linear ratio of spliced Orb2A mRNA to Orb2B mRNA.
(B and C) The ratio of spliced Orb2A to Orb2B increases 1 hr post training in (B) appetitive associative olfactory training and in (C) male courtship suppression training.
(D) Heat-box operant conditioning does not significantly change spliced mRNA level. The y axis represents fold difference normalized to the mean fold difference seen in untrained flies, and the dots indicate measurements for individual fly heads. The data are expressed as mean ± SEM, and statistical significance was determined by using one-way ANOVA (Tukey multiple comparison) in case of more than two samples or unpaired t test in case of two samples. Also see Figure S2 .
exon. In all cases, no measurable qPCR signal was detected. Based on these results, we proceeded to assay Orb2A mRNA levels following behavioral training.
Behavioral Training Increases
Protein Coding Orb2A mRNA Level To assay experience-dependent changes in spliced mRNA level, we first used the appetitive associative memory paradigm ( Figure 2B ). Compared to untrained flies, there was a significant increase in the relative abundance of spliced Orb2A mRNA 1 hr post-training, and this increase subsided by 4 hr post-training ( Figure 2B ). The abundance of the unspliced mRNA was slightly reduced (p = 0.0478) following training, suggesting that enhanced splicing and/or stability contributes to the increase in spliced transcript ( Figure S2C ).
To determine whether the change in spliced transcript level is a general phenomenon, we used the male courtship suppression paradigm. 1 hr post-training, male flies trained with unreceptive mated females had higher levels of spliced transcript compared to untrained flies ( Figure 2C ). To determine whether any behavioral training would increase spliced transcript expression, we used the heat-box operant conditioning paradigm, in which a fly learns to avoid the ''punished'' side of an otherwise symmetrical chamber (Wustmann et al., 1996) . Flies trained in the heatbox form robust short-term memory, but the memory disappears within an hour ( Figure S2D ). Intriguingly, 1 hr after training in this operant conditioning paradigm, there was no significant difference in the amount of spliced Orb2A mRNA between trained and untrained flies ( Figure 2D ). Taken together, these experiments suggest that protein-coding spliced Orb2A mRNA level is influenced by some but not all behavioral training.
Convergence of CS, US, and Starvation Regulates Spliced Orb2A mRNA Abundance Next, we sought to deconstruct the behavioral training paradigm to assess which components contribute to the processing of the Orb2A transcript. We focused on the appetitive associative memory paradigm since it has constituent parts that are easily interrogated: internal drive generated by starvation, sugar as an unconditioned stimulus (US), and odor as a conditioned stimulus (CS), with all three being necessary for longterm appetitive associative memory ( Figure 3A ). We observed that starvation without training, training without starvation, and exposure of starved flies to sucrose (US) alone did not significantly change spliced Orb2A transcript level ( Figure 3B ). Also, unlike coincident application of CS-US ( Figure 2B ), a 10 min gap between CS and US showed a trend but no significant change in spliced Orb2A transcript compared to the untrained group ( Figure 3B ). Together these observations suggest that the proximate interaction of CS, US, and starvation, which is important for associative appetitive memory, is also most effective in increasing spliced Orb2A mRNA level. The CS, US, and internal state either act in concert or act simultaneously but independently, causing small additive changes in Orb2A expression.
The appetitive associative memory paradigm also allowed us to interrogate whether the specific features of the US influences spliced Orb2A mRNA abundance. Sugars as a US have at least two components, sweetness and nutrition (Burke and Waddell, 2011; Fujita and Tanimura, 2011) . Therefore, we trained flies using sweet nutritious sugars (sucrose, fructose), sweet but non- (B) 1 hr post-training increase in relative abundance of spliced Orb2A transcript is dependent on starvation, sucrose (US), and odor (CS). (C) All sweet sugars (sucrose, fructose, sorbose, L-arabinose), but not non-sweet sugar (sorbitol), as US increases spliced Orb2A transcript level. The data are expressed as mean ± SEM. Statistical significance was determined by using one-way ANOVA (Tukey multiple comparison) or unpaired t test. Also see Figure S3 .
nutritious sugar (L-arabinose, L-sorbose), or a non-sweet but nutritious sugar (sorbitol) ( Figures 3C and S3A ). All sweet sugars, irrespective of the nutritional value, significantly increased spliced Orb2A mRNA level albeit to varying degrees. However, training hungry flies with the nutritious but non-sweet sorbitol had no effect on spliced Orb2A mRNA level. Together these data suggest that the abundance of protein-coding Orb2A mRNA is dependent on specific attributes of the US, such as sweetness. The significance of nutrition in Orb2 expression and memory is discussed later.
The Orb2A Intron Attenuates Splicing and Protein Expression
The abundance of the spliced transcript can change in three ways that are not mutually exclusive: enhanced expression, enhanced splicing, or stabilization. Behavioral training did not increase; in fact, it slightly reduced unspliced mRNA level (Figure S2C) , arguing against enhanced expression (barring the possibility that behavior-induced changes are restricted to a subset of neurons and undetectable when analyzing the whole brain). To determine the contribution of splicing/stability, we substituted the Orb2A intron with the 489-nt long, constitutively spliced intron of tubulin84B and expressed the transcript in S2 cells, which lacks endogenous Orb2 ( Figures 4A and S3B ). If stability were the key factor, changing only the intron should have had very little effect since it does not alter the nature of the spliced product. However, if intron removal is a limiting step, then the spliced transcript level should increase. Consistent with the latter, this substitution led to an $2-fold increase in spliced Orb2A mRNA with concomitant increase in Orb2A protein (Figure 4A) . In a reciprocal experiment, we introduced just the Orb2A intron or tubulin84B intron in a fluorescent protein mEos2-based splicing reporter. The tubulin84B intron led to $50-fold (54.49 ± 11.25) greater spliced mRNA compared to the Orb2A-intron ( Figure S3C ). Taken together, these results suggest that the Orb2A intron attenuates splicing and, as a consequence, Orb2A protein expression. However, these (legend continued on next page) experiments do not rule out a contribution of transcript stability or exonic sequences in splicing.
Screen to Identify Factors that Regulate Orb2A mRNA Processing To understand how behavioral training could enhance Orb2A mRNA splicing/stability, we sought to determine the trans-acting mRNA binding proteins (RBPs) that affect spliced Orb2A mRNA abundance. To this end, the Orb2A 5 0 and 214 nulceotide of 3 0 exons with intervening intron were fused in frame to firefly luciferase (luc) protein to generate a minigene reporter, Orb2A-luc. When expressed in the adult brain under the UAS-Gal4 system, either pan-neuronally (ElavGal4-UAS: Orb2A-Luc) or in mushroom-body neurons (MB247Gal4-UAS: Orb2A-Luc), both the unspliced and spliced forms of the reporter mRNA were detected ( Figure 4B , top panel). Compared to a control luciferase construct, inclusion of the Orb2A intronic sequence also reduced luciferase expression ( Figure 4B2 ), suggesting the minigene reporter could serve as a proxy for the unprocessed Orb2A transcript. The Orb2A-luc reporter displayed similar characteristics in S2 cells, providing a tool to screen for RBPs required for processing of Orb2A mRNA.
The Orb2A-luc reporter construct was co-transfected in S2 cells with a Renilla luciferase (Ren) reporter harboring a constitutively spliced intron (squid E4/E5 intron-exon) serving as an internal control. Using double-stranded RNA (dsRNA), we targeted 416 individual RBPs and measured the ratio of firefly-to-Renillaluciferase activity, reasoning that any RBPs having a specific role in Orb2A mRNA processing should affect activity of the firefly but not Renilla luciferase construct ( Figure 4C ). To eliminate offtarget hits generated by the chimeric constructs, we flipped the firefly and Renilla cassettes and repeated the entire screen ( Figure 4C ). The RNA-binding protein Pasilla was identified in both screens; knockdown of Pasilla significantly reduced the output of the Orb2A-containing splicing unit. Independent dsRNAs, targeting different regions of the Pasilla transcript, reduced the processing of wild-type Orb2A mRNA, reducing concerns about off-target RNAi effects or reporter artifacts (Figure 4D) . Reduction in splicing resulted in reduced Orb2A protein levels ( Figure S4A ), suggesting that spliced mRNA abundance indeed contributes to Orb2A protein abundance.
Pasilla Is Expressed in Adult Neurons
Pasilla is the Drosophila ortholog (Seshaiah et al., 2001 ) of mammalian neuro-oncological ventral antigen 1/2 (Nova1/2), a known regulator of splicing in the nervous system (Jensen et al., 2000a) . Although mNova1/2 and pasilla regulate genomewide splicing events in a conserved manner (Brooks et al., 2011) , there have been conflicting reports as to the expression of Pasilla in the nervous system (Irimia et al., 2011; Seshaiah et al., 2001 ). However, immunostaining and western blotting using affinity-purified anti-Pasilla antibodies ( Figure S4B ) revealed that Pasilla protein is abundantly expressed in the adult Drosophila neurons (Figures S4C and S4D) . Moreover, similar to mNova1/2 (Racca et al., 2010) Pasilla is present in the nucleus, cytoplasm, and the synaptoneuropil region ( Figure S4D, inset) . Taken together, these observations suggest that, like Nova1/2, pasilla participates in mRNA processing in the adult Drosophila nervous system.
Pasilla Is Involved in Orb2A Splicing
To determine how pasilla affect Orb2A splicing, we performed a gel-shift assay using purified recombinant Pasilla ( Figure S5A ) and radiolabeled fragments of Orb2A mRNA. Recombinant Pasilla bound to mRNA fragments from Orb2A-specific exonic sequence, the Orb2A intron ( Figure 5A , probes 1 and 5), and to the Orb2A/B common exon ( Figure 5A , probes 7 and 8). The binding affinity of Pasilla to various Orb2A mRNA fragments corresponded to distribution of the canonical pasilla/mNova1/2 recognition motif YCAY ( Figure S5B ).
Previous studies have shown that mutation of C and A in the YCAY motif to any other nucleotide significantly reduces Nova binding (Jensen et al., 2000b) . Therefore, we mutated the C or A in putative Pasilla binding sites and expressed the wildtype or mutated unspliced Orb2A transcripts in S2 cells (Figures 5B and S5C) . Among various mutants, mutations of UCAU to UAAU at position 348 in the intron (M51), 62 nucleotides upstream of the 3 0 splice site, reduced the spliced and increased the unspliced Orb2A transcript level ( Figures 5B and 5C ). The reduced splicing corresponded with reduced binding of all Pasilla protein variants ( Figures 5D and S5D and S5E). The M52 mutation, which also reduces splicing, is located 26 nt upstream of the 3 0 splice site within the polypyrimidine tract (Figure S5B ). The mutation in the Orb2A/B common exon (M7, M8) had no significant effect on Orb2A splicing ( Figure 5B ). The effect of the Orb2A M51 mutation is consistent with studies showing that binding of mNova1/2 to the intronic YCAY cluster enhances spliceosome assembly and exon inclusion (Ule et al., 2006; Zhang et al., 2010 Figure 5E ). Also, unspliced Orb2A mRNA accumulated, including in the male germline where it is generally almost completely spliced (Figure S6A ). Since the Orb2A intron shares a common 3 0 splice Also see Figure S4 and Table S2 . Associative appetitive memory Courtship suppression memory (legend continued on next page) site with Orb2B, we checked whether Dorb2:Orb2A M51 affects Orb2B expression. We did not observe any significant change in the Orb2B mRNA or protein expression level ( Figure S6B ), suggesting the single-nucleotide mutation in the intron indeed reduces the splicing of the Orb2A mRNA.
To determine the relationship between Orb2A splicing and memory, we used both the appetitive associative memory paradigm ( Figure 5F ) and male courtship suppression paradigm ( Figure 5G ). In both paradigms, the wild-type and intronic mutant flies had similar levels of memory at early time points, suggesting Orb2A mRNA splicing is not required for the fly's ability to process sensory cues or to form shortterm memory. However, when measured 1 or 2 days following training, there was a significant reduction in the memory (F and G) The M51 mutation interferes with long-term memory. The flies were either trained in associative appetitive paradigm (F) or male courtship suppression paradigm (G). The data are plotted mean ± SEM, and statistical analysis was performed using an unpaired two-tailed t test. *p % 0.05, **p % 0.01, and ***p % 0.001. Also see Figure S5 . (E) Flies lacking the psRLTS subgroup are selectively impaired in long-term memory. The data are expressed as mean ± SEM. Statistical significance was determined by using one-way ANOVA (Tukey multiple comparison). Also see Figure S6 .
scores of the mutant flies compared to wild-type flies (Figures 5F and 5G). This memory deficit was similar to the Orb2A null flies, indicating that splicing of Orb2A transcript is a necessary step in the formation of long-lasting memory in these paradigms. The consequence of enhancing Orb2A splicing so far remains untested since it was not feasible to increase Orb2A mRNA processing without altering Orb2B expression.
Specific Isoforms of Pasilla Are Involved in Orb2A Maturation and Long-Term Memory
In Drosophila there are multiple pasilla mRNA isoforms predicted to encode 12 distinct Pasilla proteins grouped into five subclasses: psM-G, psB-Q, psC-I, psRL, and psTS ( Figure 6A ). Orb2A mRNA is unspliced in the brain, spliced in the male body, and partially spliced in S2 cells when expressed ecopically. Therefore, we compared the Pasilla mRNA expression pattern between the fly body, head, and S2 cells. In the male body, mRNA of all pasilla subclasses are expressed, while in the brain and S2 cells, mRNA of psB-Q subgroup were undetectable ( Figures 6B and S6C ). The presence of multiple isoforms with distinct expression patterns indicates that pasilla can be regulated by changing the amount, distribution, or activity of a specific isoform or some combination of isoforms.
The deletion of all pasilla isoforms results in developmental defect and lethality (Seshaiah et al., 2001) . Therefore, we used the CRISPR-Cas9 gene editing system (Sternberg and Doudna, 2015) to delete specific pasilla subclasses. Deletion of the psB-Q subclass ( Figure 6B , middle panel) had no effect on Orb2A splicing ( Figure S6A ) or on long-term memory ( Figure 6E ), although its mRNA expression correlated with spliced Orb2A transcript abundance. Homozygous deletion of the psM-G subclass led to lethality around the 3 rd instar larval stage ( Figure S6D ), while flies lacking psRLTS subclasses were viable and showed no developmental abnormalities. However, in psDRLTS/psDRLTS flies, unspliced Orb2A transcript accumulates ( Figure S6A ). To further verify the role of psRLTS subgroup in Orb2A splicing/stability, we performed isoform-specific knockdown in S2 cells ( Figure 6C ). dsRNA that specifically targets either psRLTS or psRL resulted in a decrease in spliced Orb2A mRNA and Orb2A protein level. Interestingly, in S2 cells, unlike in animals, upon psRL knockdown, the decrease in spliced mRNA did not accompany an increase in unspliced mRNA, uncovering a possible role for this isoform in stability of the spliced mRNA ( Figure 6C ).
In psDRLTS/psDRLTS flies, compared to wild-type flies, there was no significant change in the Orb2B protein level ( Figure S6B ) or the level of other Pasilla isoforms ( Figure 6D ). We tested these flies' ability to form and maintain long-term memory ( Figure 6E ). As in the splicing mutant, psDRLTS/psDRLTS flies had no problem forming memories lasting for several hours. However, when measured after a day, the mutant flies had significantly lower memory compared to wild-type flies. Together these observations suggest that the Pasilla protein encoded by the psRLTS subclass is important both for Orb2A mRNA processing and for long-term memory.
DISCUSSION
Gating of Long-Lasting Memory Formation
At the molecular level, it is unclear how an organism selectively forms long-lasting memories, since many molecules implicated in long-term memory, such as transcription modulators, protein kinases, are activated in response to a wide variety of stimuli. Specificity using canonical molecular processes may arise from combinatorial use, the extent of utilization, or some combination of both. An alternative but not mutually exclusive mechanism is to utilize molecular processes that are engaged only under very specific, behaviorally pertinent circumstances. Previous studies indicated that aggregation of Orb2A could be such a specific process, given that inhibition of Orb2A aggregation prevents memory maintenance while facilitation of Orb2 aggregation lowers the threshold for long-term memory formation (Li et al., 2016) . Here, we report that expression of Orb2A is dependent on very specific behavioral conditions ( Figure 7 ): a sweet substance presented to a motivated (hungry) fly or mate rejection-but not conditioned avoidance-promote the conversion of non-protein-coding unspliced Orb2A transcript to the protein-coding spliced transcript. However, we have not explored a vast repertoire of behavioral paradigms, and it is therefore unclear how generalized the association is between different types of motivation, experience, and Orb2A mRNA processing. Interestingly, the increase in the protein-coding Orb2A mRNA is transient and returns to baseline levels within 4 hr after training. The pulsatile expression may be useful as a coincidence detector to ensure that the expression of Orb2A would link related experiences as memory and would not inadvertently link unrelated experiences. Moreover, a rapid increase in protein concentration may facilitate seeding of aggregation, while a transient increase may prevent aberrant aggregation.
With the exception of L-arabinose, most sweet but non-nutritious sugars don't produce robust long-term memory (Burke and Waddell, 2011; McGinnis et al., 2016) . What is the implication of a sweet but non-nutritious sugar increasing spliced Orb2A transcript level? We posit that the Orb2A splicing integrates detection of food (sweetness) to hunger (internal state) and primes the system for long-term memory formation. However, additional features of the food, nutritional information being one of them, may control post-translational modifications and/or stability of the Orb2A protein and dictate whether the integration would result in robust memory. Indeed, monomeric Orb2A protein has a short half-life ($1 hr), which is further reduced ($20 min) upon de-phosphorylation by protein phosphatase 2A (WhiteGrindley et al., 2014) . On the other hand, phosphorylation by an as-yet unknown kinase(s) significantly increases Orb2A halflife ($24 hr). It is therefore possible that CS-US pairing and hunger not only affect the level of spliced mRNA but also directly influence the Orb2A protein stability/aggregation by kinases or phosphatases. We speculate that this multilayered regulation Hunger and experience via an unknown mechanism engages Pasilla, which controls the production of protein-coding spliced Orb2A mRNA. Pasilla may also participate in the transport of the Orb2A mRNA to the synapses. In addition to Orb2A mRNA processing, the CS and US may also contribute to stability or aggregation of Orb2 protein via post-translation modification such as phosphorylation.
restricts expression of Orb2A protein and its aggregation, and thereby it confers specificity to long-term memory formation.
Regulated Intron Removal in Temporal Regulation of Gene Expression
It has recently been estimated that more than 90% of human genes are subjected to some form of alternative splicing, with a higher incidence of alternative splicing among neuronal genes (Wang et al., 2008) . For example, alternative use of the exons of cell-adhesion protein DsCAM in Drosophila (Schmucker et al., 2000) or neurorexin (Ushkaryov and Sü dhof, 1993) and protocadherin (Chen and Maniatis, 2013) in mammals contributes to cellular diversity and the precise connectivity of the nervous system. However, in contrast to alternative exon usage, splicing regulation via intron retention is underexplored in the nervous system. Intron rention is thought to originate from ill-defined splicing sites, short introns, GC-rich sequences, and cis-acting factors (Dirksen et al., 1995; Galante et al., 2004; Sakabe and de Souza, 2007) and is believed to tune gene expression primarily by regulating mRNA level or transport. However, unspliced Orb2A mRNA is stable, and its differential splicing in the body and brain suggests trans-acting factors that either suppress or facilitate the intron removal, dictating the abundance of the spliced and unspliced Orb2A transcript. Recent studies have similarly shown that a number of intron-retained mRNAs are stably expressed in the mouse neocortex and spliced upon neuronal activation (Mauger et al., 2016) . In this regard, the unspliced Orb2A mRNA and likely the cortical mRNAs (Mauger et al., 2016) , which tend to have longer half-lives compared to other intron-retained mRNAs, belong to the newly classified ''detained intron '' group (Boutz et al., 2015) . The detained introns are reminiscent of ''poised transcription'' in the sense that the transcripts are poised to be spliced, allowing rapid change in gene expression in response to appropriate stimuli. Orb2A mRNA provides a definitive physiological role of a detained intron in the nervous system. How unspliced Orb2A mRNA evades mRNA surveillance machinery, how it is kept in a poised state, and where in the adult fly brain the splicing event takes place remain questions of key interest.
Role of Pasilla in Memory
Mammalian Nova is one of the first definitive examples of a tissue-specific splicing regulator that contributes both to development and plasticity of the nervous system (Ule and Darnell, 2006) . Nova, a neuron-specific KH-type RNA binding protein, was identified as a target of a human paraneoplastic neurological disorder (Buckanovich et al., 1993; Buckanovich et al., 1996) . However, subsequent studies found mNova functions include development of motor and cortical neurons and long-term synaptic potentiation (Leggere et al., 2016; Ule and Darnell, 2006; Yano et al., 2010) . In Drosophila, pasilla was identified as a regulator of salivary gland development (Seshaiah et al., 2001 ) and reported to be required for activity-dependent alternative splicing of mRNA encoding voltage-gated sodium channel DmNa (V) (Lin et al., 2012) . Here, we confirm and extend some of the general properties of Nova in Drosophila and find new functions in modulating learned behavior.
Nova has two protein variants, Nova-1 and Nova-2, and they differ in a number of ways. Nova-1 is expressed primarily in the ventral spinal cord and midbrain, while Nova-2 is enriched in the neocortex and hippocampus (Graus et al., 1993; Yang et al., 1998) ; furthermore, the 3 0 UTR of Nova-1 is phylogenetically conserved, while that of Nova-2 is more variable (Ratti et al., 2008) , indicating distinct roles in addition to conserved function. Similar to Nova, multiple Pasilla mRNA isoforms encode distinct Pasilla proteins, which differ at the N-terminal end. This multitude of Pasilla proteins either ensures completion of important mRNA-processing event or serves distinct functions. However, all pasilla isoforms share the same K homology (KH) domain important for RNA binding (Lewis et al., 2000) , and we find that all five subclasses of Pasilla proteins bind to the Orb2A intronic sequence with similar efficiencies (Figures S5D  and S5E ). How could isoform-specific functions arise? One possibility is that the isoforms are expressed in a mutually exclusive manner and control neuron-specific splicing events. Alternatively, all isoforms are expressed in the same cell, and different interacting partners and/or modifications allow them to target specific mRNA or specific steps of mRNA processing. Although it is unclear whether psRLTS is sufficient or requires other factors (including other isoforms of pasilla) and what the relative contributions of splicing and stability are, the requirement of the psRLTS isoform in memory provides an opportunity to identify additional intron-retained mRNAs that are targeted by the isoforms, some of which may also be critical for long-term memory.
How do sensory experiences and internal states regulate pasilla activity? The abundance of the psRL or psTS did not significantly change after behavioral training ( Figure S6E ), suggesting that either Pasilla protein amount or activity is likely changed by behavioral stimuli. We find that the Pasilla protein is phosphorylated, and p38MapK is reported to be associated with Pasilla protein (Belozerov et al., 2012) . P38Mapk is a known integrator of stress signaling, and stress is a consequence of starvation or repeated rejection by an unreceptive female. In fact, kinases including p38MapK are already known to regulate splicing (Naro and Sette, 2013) , and in the nervous system, the kinase CamKIV regulates depolarization-induced alternative splicing of the BK potassium channel (Xie and Black, 2001 ) and the NMDA receptor (Lee et al., 2007) . Therefore, pasilla provides a starting point to explore at the molecular level how sensory cues are integrated with an organism's internal state.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Drosophila Stocks
The mushroom body Gal4 lines were kindly provided by Troy Zars in University of Missouri. The D. erecta, D. simulans and D. yakuba were obtained from Arizona Stock Center, which has now moved to UC San Diego Drosophila Stock Center. All flies used in this study were maintained in fly room with following conditions: 25 C and 50% relative humidity on 12h/12h light:dark cycle, unless specified. Flies were maintained using standard fly husbandry methods.
Tissue Culture Cells S2 cells were used for transfection using Effectene Transfection Reagent (QIAGEN) following the manufacturer's instruction. S2 Cells were grown in Schneider's Drosophila medium (Lonza) with 10% HI-FBS/Pen Strep (Life Technologies) at 25 C.
METHOD DETAILS
Total RNA Isolation After indicated behavioral training, flies were flash frozen in liquid nitrogen. Single animals were then isolated on dry ice to avoid thawing and collected in 1.5 mL Eppendorf tubes, which were immediately placed in liquid nitrogen. To separate heads from bodies the frozen flies were then either vortexed (in cases of mass isolation) or individually cut off on a dry ice block. RNA was isolated using the Maxwell 16 LEV simplyRNA Tissue Kit (Promega). Briefly, the tissue was homogenized in 50ul of Homogenization Buffer for 15 s using RNase/DNase free pestle (VWR) and electric pestle mixer (VWR); an additional 150ul of Homogenization Buffer was then added followed by addition of 200ul of Lysis Buffer. Samples were then vortexed for 15 s and spun down. The provided cartridges were used according to the manufactures' protocol to purify the RNA in 30 ul of nuclease free water. The RNA samples were placed in a vacuum centrifuge for approximately 8 min to reduce the total volume to 5-7ul.
Primers
The sequence of all primers used in this study are indicated in Table S1 .
Reverse Transcriptase -PCR for total fly cDNA cDNA was generated from isolated total RNA as described in the SuperScript II Reverse Transcriptase (Invitrogen) protocol. Reagents are obtained from Invitrogen unless otherwise noted. Briefly, 5-7 ul of total RNA was added to a single tube in an 8-tube PCR strip (Genemate). 2ul of random hexamers and 1 ul of dNTP mix were then added to the RNA sample. The tubes were placed in an Eppendorf thermal cycler for 5 min at 70 C and 5 min at 20 C. 1ul of RNase Out, 2 ul of 10x Buffer, 2ul of 0.01M DTT and 4 ul of MgCl 2 were then added to the sample and brought to 42 C for 2 min, at which time 1 ul of superscript II reverse transcriptase was added. The sample was then incubated at 42 C for 50 min. 1ul RNase H was then added to the sample and incubated for 37 C for 30 min. PCR was then performed using a 30 s elongation step. Primers sequences follow: RAForward:GTGTGTGATTGTGA GTGTCCG; Reverse:GTGCATATTGCCATAGATAGCTGTG); RB full (F: ATGGACTCGCTCAAGTTAC CAA;); RB1 (R:CATGCATCTG GGGCTGCGATG); RB2 (F:CATCGCAG CCCCAGATGCATG; R: GCGCAGACTAACTTCGTCG).
Reverse Transcriptase -PCR for gene specific PCR (qPCR assay) cDNA was generated from isolated total RNA as described in the PrimeScript 1 st strand cDNA Synthesis Kit (Clontech) protocol.
Briefly, 5-8 ul of total RNA was added to a single tube in an 8-tube PCR strip (Neptune). 0.7 mL of each of three different Orb2 specific primers and 1 ul of dNTP mix were then added to the RNA sample. The tubes were placed in an Eppendorf thermal cycler for 5 min at 65 C. 0.5ul of RNase Out, 4ul 5x Buffer, 4.5 ul of H2O and 1 mL of reverse transcriptase were then added to the sample and brought to 50 C for 50 min and subsequently raised to 95 C for 5 min.
RNA-seq
Female fly head were collected as described above for RNA isolation. 
Western Blotting
For all biochemical analysis, freshly prepared head extracts were used. For western blot analysis, 20 fly heads were homogenized (2-4 mL of buffer/head) in a PBS+ 1%NP-40 buffer and EDTA-free mini protease inhibitor (Roche) buffer. The total homogenate was centrifuged at 10,000 3 g for 10 min at 4 C, and the cleared supernatant was collected. Equal volume of 2x SDS-PAGE loading dye was added to the samples, which were then boiled for 10 min. Approximately 2 to 4 head equivalent amount for a given sample was then analyzed on a 4%-12% gradient SDS-PAGE (Invitrogen) and then electroblotted onto PVDF membrane for 16-18hrs at 30mV at 4 C. The membranes were blocked in 5% non-fat dry milk in TBS+Tween-20 buffer and incubated with indicated affinity purified antibodies for 12-16 hr at 4 C with constant agitation. For western blotting primary antibodies are used at 1:1000 (for Orb2) or 1:2000 (for pasilla) dilutions. The antibody-antigen interaction was visualized by chemiluminescence using HRP-coupled anti-rabbit (Pasilla) or anti-mouse (tubulin) secondary antibody. All western blots are repeated at least 3 times with independent biological samples. The Nova RNAi experiments from the adult head were repeated 4 to 5 times from fresh crosses.
The pasilla antibody was raised against 6Histidine-tagged recombinant full length pasilla protein (B-Q isoform) in rabbit (Pocono Rabbit Farm and Laboratory) and affinity purified against the recombinant purified protein. The affinity purified antibodies are used in all analysis.
The Taqman qPCR assay from single fly head We used the Taqman gene expression system (Applied Biosystems) for analysis of Orb2B and spliced Orb2A mRNA. 2 mL of 5x diluted cDNA were added to 8 mL of master mix (per reaction: 0.32 mL 10mM forward primer; 0.32 mL 10mM reverse primer, 0.2 mL 10 mM probe primer, 5 mL 2x Taqman gene expression master mix (Applied Biosystems), 2.5 mL H2O). Please see Table S1 for the primer and probe sequences. 10uL reactions in triplicate for each sample were loaded using an automated setup with a CAS-4200 qPCR loading robot from Corbett Life Science. RT-PCR reactions were performed in 384-well formats on a 7900HT Fast Real-Time PCR System from Applied Biosystems. The specificity of the probes and primers were verified using cDNA generated from flies lacking the Orb2A-specific exon, the first 240 nucleotides of the Orb2A/B common exon (Orb2D80Q) or orb2 null mutants flies.
The Taqman assay takes advantage of the 5 0 -3 0 exonuclease activity of Taq polymerase and a probe that includes a fluorophore and quencher dye. In this assay the quenched fluorophore is annealed to an oligonucleotide probe that binds to the exon-exon junction of spliced Orb2A mRNA. Upon initiation of the polymerase chain reaction (PCR) the Taq polymerase binds to the Orb2A spliced and unspliced cDNA and begins to synthesize a complementary strand for both Orb2 spliced and Orb2 unspliced. However, rather than post hoc quantification of the two amplified DNA products via ethidium bromide staining and image analysis (agarose gel electrophoresis) or optical imaging of a proprietary gel (Agilent Bioanalyzer), this method detects overall fluorescence activity, which should only increase in response to the separation of the bound fluorophore from the bound quencher oligonucleotide probe by the Taq polymerase. In this way, irrespective of the relative concentrations of Orb2A spliced and unspliced, we should get a specific measurement of the abundance of Orb2A spliced mRNA. To verify amplification of Orb2A spliced mRNA, given its low abundance, we sought to validate the detection of the probe using a serial dilution. We used a 5x and 10x dilution and sought to determine whether there was a 1 CT shift, which would be indicative of a 2 fold change in concentration of the product being detected. Indeed we found that the qPCR assay could reproducibly detect a 2x dilution (from 5x to 10x dilution of the cDNA sample generated from a single fly head).
The spliced Orb2A transcript is abundant in male germline. Since we are measuring very low level of Orb2A spliced transcript, whenever we used cDNA from male head we ensured that there is no contamination from sperm. To this end we have used three genes; b-NAC and Ste, which are reported to be testis specific and S-LAP, which is reported to be sperm specific. Using RT-PCR we have observed that there is very low expression of b-NAC and Ste in male head but no detectable expression of S-LAP. Therefore we excluded head cDNA samples in which we have detected S-LAP to avoid possible sperm contamination. To establish the validity of our approach for regular PCR analysis of the unspliced transcript in the fly head and spliced transcript in the body at least 100 individual flies were analyzed.
RNA binding protein screen Day 1: 50mL of S2 cells were collected at concentration of 2x10^6 cells/mL. Transfection mix was made according to Effectene transfection reagent (QIAGEN) protocol (96ul of reporter construct 1 (Fluc); 96 ul of reporter construct 2 (Rluc); 2.7 mL EC buffer; 153.6 ul Enhancer (followed by vortex); 486 ul of Effectene (followed by vortex)). Transfection mix was added to 22mL of collected S2 cells and agitated briefly. Transfected cells were then pooled in a trough and distributed in a 96well plate (75ul/well). dsRNA from RBP targeted 96 well plate was then added to each well (1ul/well). Plates were then stored at 25 C. Day 3: 1ul of dsRNA was added to each well. Day 4:1mL of 0.7M CuSO4 was added to 14mL of endotoxin free water. 1 ul of this solution was added to each well. Day 5: Dual-Glo Luciferase Assay System was conducted according to protocol (Promega) using PerkinElmer VICTOR3 V Multilabel Counter model 1420. Each individual dsRNA mediated RBP knockdown was conducted in triplicate. The resulting data, which measured the luciferase activity of the renilla and firefly reporter constructs, was then added to an excel spreadsheet. For each individual well a ratio of Fluc/Rluc was determined and the log base 2 was applied to the ratio to normalize decimal values so as to accord equal weight to specific increases and decreases in luciferase activity. The average of 3 plates was used for each dsRNA RBP 96 well plate and average Fluc/Rluc fold change was created. The average Fluc/Rluc fold change from the two wells per plate to which no dsRNA was added was then subtracted from the given RBP knockdown Fluc/Rluc fold change to generate a fold change in the absence of a given RBP compared to fold change due to random variation in expression. A type 2, 2 tailed Student's t test was then conducted using the three normalized ratios of a given dsRNA and the entire dataset of ratios to ask whether there was statistical significance in the variation of all three wells given a single RBP knockdown. This was repeated with 5 plates comprising dsRNA targeting 416 individual RBPs. Out of this primary screen, there were 10 RBPs that affected the luciferase activity of the FF construct significantly differently from the Ren construct. To eliminate any effects of FF versus Ren luc, we then switched the FF and Ren sequences in the Fluc and Rluc constructs and repeated the screening methodology with the flipped transcripts.
Generation of Pasilla isoform specific deletions
The Pasilla isoform specific deletion lines were generated using methods of Kondo and Ueda (Kondo and Ueda, 2013) . Two guide RNAs (gRNAs) for each of the isoforms are used to generate isform specific deletions: psB-Q [GGG] . The PAM sequence is indicated in parenthesis. Both gRNAs were cloned into pBFv-U6.2B vector. The gRNA mixture was injected into Drosophila embryos following standard protocols at a concentration of 200ng/ul. $300 animals were injected and recovered F0 flies were sibling mated. F1 progeny were crossed individually to the 3 rd chromosome TM3/TM6B balancer lines. After the establishment of the F2 progeny by examining for the presence of larva, F1 males and females were screened using 3 0 and 5 0 primers flanking the expected deleted gene fragment. The following primer pairs were used for screening: B-Q isoform-left primer GCCACGAAAATAGCAAAAGG, right primer CAGCCTCAATGGTGGCTAAT; M-G isoform-left primer CCAATCCAATCCAATCCAAG, right primer CTTCTGCTGGCGAAATGAAT; RLTS isoform-left primer GCAT CAATTCCGTCAAACAA, right primer CCTCCTGATGTTGCTGCTG. The expected size of the deleted locus using these primers are 250bp for B-Q, 220 bp for M-G and 196 bp for RLTS isoform. The PCR products were sequenced to establish the beginning and end of the deleted region. The deleted lines were backcrossed for 5-6 generation to remove plausible second site mutations, unless the mutation happen to occur very close to the pasilla locus.
GGTATTTAGACGGATAGCAG[TGG] & GACACTATATTATATGCTCG[GGG], psM-G GTTTCTATGTCTCGTGGATT[CGG] & GAGTCGCCGGTTTCAGGACT[TGG] and psRLTS GAAGGTGGCCATGGACAAGG[CGG] & GTGAGAATGGTTCGCCAAAT
The RNA Gel Shift Assay The different RNA fragments used for gel shift assays were synthesized in vitro by annealing complementary oligo nucleotide template strands with T7 promoter region. RNAs were transcribed using the T7 MegaScript kit following the manufacturer protocol (Ambion) with the exception that UTP concentration was lowered to 0.5 mM and supplemented with 1 ul of a32P-UTP (800 Ci/mmol, 20 mCi/ml). 32P-labeled-RNAs were purified from using RNAeasy column (QIAGEN) following manufacturer protocol. RNA integrity were monitored by resolving a small amount of 32P-labeled mRNA on a 8% TBE-Urea denaturing gel. Gel shift Retardation Assasy were performed in 10ul reaction by combining 50 fmol of radio-labeled RNA with 0, 0.5, 1 and 2 ug recombinant pasilla in 50mM Tris pH 7.5, 125 mM NaCl, 2.5 MgCl 2 , 5 mg/ml heparin and 0.5 ul of RNase inhibitor (Promega). The RNA-protein complexes were resolved on a 6% TBE-polyacrylamide gel (6% DNA retardation gel from Invitrogen). Electrophoresis was performed at 10mA for 45mins at room temperature. Gels were dried, exposed on phosphorimaging screen and imaged on a Typhoon 425.
Histology and imaging
For whole mount preparation of adult brain the cuticle and eyes were removed using forceps in PBS and fixed for 45 min in 4% paraformaldehyde in PBS. Isolated brains were then washed 4 times for 20 min in 0.3% triton in PBS (wash buffer) at room temperature followed by an overnight wash and 3 more 10 min washes in wash buffer. The samples were then blocked for 1 hr in 10% goat serum in wash buffer. Samples were then incubated with 1:500 of rabbit anti-Pasilla antibody and 1:1000 mouse anti-Elav antibody in blocking solution overnight at 4 C. Following 3, 20 min washes in wash buffer, samples were incubated with 1:1000 anti-rabbit Alexa 488 (Molecular Probes) and 1:1000 anti-mouse Alexa-555 (Molecular Probes) at 4 C overnight. Samples were then washed 3 times for 20 min at room temperature in wash buffer. Finally samples were mounted on coverslips using vectashield (Vector Labs). Images were acquired using a LSM 5.0 Pascal Confocal Microscope (Carl Zeiss, Germany). High resolution Z stack images of the fly brain at 512 3 512 pixels (1 mm step) were acquired. To avoid cross excitation 488 and 555 wavelengths images were acquired in a multitrack mode.
Flies for behavior
Flies were maintained using standard fly husbandry methods. For behavioral testing, flies were raised on standard cornmeal food at 25 C and 50% relative humidity on a 12h/12h light:dark cycle. Before behavioral testing all transgenic lines were backcrossed at least 6 times with white eyed Canton S flies. All controls and transgenic lines carried one copy of the mini white gene since the mini white gene is known to influence fly behavior.
Male Courtship Suppression Assay
Briefly virgin males and females were collected at eclosion. The males were housed individually and 5 days old flies were used for behavioral training and testing. The females (4 days old) were mated the night before they were used in training. Individual males were placed in small food tubes (16 X 100 mm culture tubes, VWR) with a mated female for 2 hr. The female was removed and the male was left alone for 30 min. A different mated female was placed in the tube with the male for another 2 hr. The female was removed and the male again rested for another 30 min. A third mated female was introduced in the tube for 2 hr and removed at the end of the trial. Control males were treated exactly the same way except no mated females were introduced into the tube. Memory was tested 5 min, 24, 36 and 48 hr after training. All tests were performed in a 1 cm courtship chamber. Fresh mated females were used for all time points. All memory tests were recorded (for 10 min) and analyze using a customize software. The courtship index of each male was obtained by manual and/or automatic analysis of the movies by an experimental blind to the genotype and experimental conditions.
Olfactory-Appetitive Conditioning
Flies were food deprived for 16 to 20 hr before conditioning in vials containing Kimwipes paper saturated with water. The wall of the training tube was covered with a Whatman filter paper saturated with 1M sucrose (positive conditioning stimuli, +CS) that was allowed to dry slightly prior to the training session. Another tube was also prepared with a filter paper soaked in water to provide the negative conditioning stimuli (ÀCS), allowing it to dry slightly before use. Flies starved for 18 hr were introduced into the elevator of a T maze and tested in groups of $100. Flies were transferred to the ÀCS tube and exposed to an odor for 2 min. After 30 s the flies were relocated in the elevator and shifted to the +CS tube in the presence of the second odor for 2 min. Memory was tested 5 min and 24 hr after training. For the 24 hr test, flies were given standard cornmeal food for 4 to 6 hr after training. They were transferred to plastic vials containing a Kimwipe soaked with water and re-starved for 17 hr before testing. During the memory test, flies were introduced into the elevator and transported to a point where they have to choose between two air streams, one carrying the reward odor and the other with the control odor. Animals were given 2 min to choose between the two odors. Different group of flies were trained in a reciprocal experiment in where the ÀCS/+CS odor combination were reversed (3-Octanol or 4-Methylcyclohexanol). Test odorants were delivered by bubbling air bottles containing odor dilutions in 50 mL of mineral oil and the air flow was monitored using a flowmeter at 4.5 psi (Allied Healthcare Products, Inc., St. Louis, MO, USA). The odor concentration used for the experiments were: 1.08 3 10À3 for 3-OCT and 1.1 3 10À3 for 4-MCH. The spontaneous response to odors and sucrose were assayed in the T maze. Naive flies were given 2 min to choose between two airstreams, one carrying the test odor (3-Octanol or 4-Methylcyclohexanol) and the other carrying no odor. The performance index (PI) is calculated as the number of flies in the reward odor minus the number of flies in the control odor, divided by the total number of flies in the experiment. A single PI value is the average score of the first and the reciprocal experiment. In each experiment $100 flies were used. Therefore a single PI index is obtained from $200 flies and counted as n of 1.
Heat Box Paradigm
The heat box apparatus was built in the workshop of Konrad Ochsner at the Universitiy of Wuerzburg and is a modified version of the one used by Wustmann et al. (1996) . In brief the heat chamber system consists of an array of 16 chambers (length, 29 mm; width, 4 mm; height, 2mm) operated in parallel. Upper and counter ceilings are equipped with Peltier elements that control the temperature in the chamber. Glass side walls allow the transmission and detection of infrared light from an LED source (invisible to the flies). When a fly walks along the length of the chamber, it casts a shadow on a bar code reader (light gate array) and this signal is sent to a computer. The fly position signal from the bar code reader is sent to the computer with a frequency of 10 Hz. All experiments were conducted in complete darkness. Measurements are performed on at least three days to avoid effects of daily variability. The experiment consists of a preference test, training and memory test. A computer controls the experiment in all three phases by continuously monitoring the time and direction of transition at the light gate. One half of the chamber is defined as the punished side and the other half as the unpunished side. These designations are switched for every experiment to avoid aftereffects of previous experiments (e.g., pheromones or stress signal). During the preference test (30 s), the fly can explore the chamber at a constant temperature of 24 C, providing a measure of experience-independent spatial preference. In the training phase (4 min) the whole chamber is heated at 37
, whenever the fly enters the punished side and cools down to 24 C when it enters the unpunished side. In the following 3 min test phase, the temperature is kept constantly at 24 C. The performance index (PI) is calculated as the difference between the time the fly spent in the unpunished versus punished side of the chamber divided by the total time. Thus, the PI can range from À1 to 1, with a PI of 0 indicating no side preference. The performance index is a measure of heat avoidance and memory score during the training and memory test respectively. To yield a measure of general activity, the sum of position changes over time is calculated. The thermo-sensitivity assay is recorded adjusting the temperature in the front versus back half of the chamber independently and also independent of the flies' actions. It is stepped from 24 C on both sides to 24 C/37 C and 24 C/41 C for 1 min intervals, sequentially alternating the side with the higher temperature. The time spent on a given side is measured and heat avoidance indexes are calculated as above (PI). All animals that do not show substantial motor activity or do not experience punishment were excluded from the study.
RT-PCR for pasilla isoforms
Male and female flies were separated and flash frozen in liquid nitrogen and then briefly vortexed to separate heads from bodies. After re-frozen in liquid nitrogen, heads and bodies were collected separately in 1.5mL Eppendorf tubes. Total RNA was isolated following the Maxwell RSC simplyRNA Tissue Kit (Cat.# AS1340) protocol (Promega). cDNA was generated from isolated total RNA as described in the TaKaRa PrimeScriptÔ 1 st Strand cDNA Synthesis Kit (Clontech) protocol, reagents below were included in the cDNA synthesis kit. Briefly, concentration of isolated total RNA was measured and same amount of total RNA was added to a single PCR tube each. Nuclease free water was added to each tube to achieve the total sample volume of 8 ul and then 1ul of Random 6 mers (50 mM) and 1 ul of dNTP (10 mM) Mixture were added to the RNA sample. The tubes were placed in an Eppendorf thermal cycler and heated at 65 C for 5 min and then cool at 4 C until next step. Reaction mixture was prepared with 4.5 ul of RNase free H 2 O, 4 ul of 5X PrimeScript Buffer, 0.5 ul of RNase Inhibitor (40 U/mL), and 1 ul of PrimeScript RTase (200 U/mL) and then added to the sample. The sample was placed in the thermal cycler and incubated at 30 C for 10 min and at 42 C for 50 min and then heated at 70 C for 15 min. PCR was then performed to amplify each Pasilla isoform in the cDNA pool.
Generation of Orb2A mutant transcripts
The mutant clones were generated using QuikChange II XL Site-Directed Mutagenesis Kit. Briefly, primers were designed to introduce a single-nucleotide mutation in the pasilla binding motifs of Orb2A unspliced cDNA. The reaction mixture was prepared with 5 ul of 10 3 reaction buffer, 125ng of oligonucleotide primers, 1 ul of dNTP mix, 3 ul of QuikSolution, and ddH2O to a final volume of 50 ul. 10 ng of Topo/D Orb2A cDNA template and 1 ul of PfuUltra HF DNA polymerase (2.5 U/ul) were added to the reaction mixture and the sample was run for 18 cycles of 1 min annealing time at 60 C and 10 min extension at 68 C. 1 ul of Dpn I was added to each amplification reaction and then incubated at 37 C for 1 hr to digest the parental template DNA.
RNAi for Pasilla knockdown cDNA pool was created from fly tissues as previously described. Primers to amplify template for pasilla RNAi were designed based on information from DRSC/Trip Functional Genomics Resources. Pasilla RNAi was generated in vitro as described in the MEGAscript T7 Kit (Ambion) protocol. Briefly, transcription reaction was assembled at room temperature as following: 2 ul of ATP solution, 2 ul of CTP solution, 2 ul of UTP solution, 2 ul of GTP solution, 2 ul of 10X Reaction Buffer, 0.2 ug of PCR-product template, 2 ul of Enzyme Mix, and Nuclease-free Water to 20 ul. The mixture was gently mixed by pipetting and incubated at 37 C for $6 hr and then 1ul of TURBO DNase was added to the reaction to remove the template DNA. The final reaction product was spun down through a MicroSpinÔ G-50 Column to remove unincorporated nucleotides.
RNAi for RNA binding protein knockdown cDNA pool was created from Drosophila S2 cells as previously described. Two different templates from different regions of each RBP were amplified, gel extracted, and purified. DRSC/Trip Functional Genomics Resources was used to design primers for the RNAi templates. See Table S1 for primer sequences. RBP RNAis were generated in vitro as described above in the Pasilla RNAi section. Day 1: Transfection mixture was prepared as described in Effectene transfection reagent (QIAGEN) protocol (64 ul of 0.1 ug/ul Orb2A unspliced cDNA, 62 ul of Enhancer, 1860 ul of EC buffer, 155 ul of Effectene). Transfection mixture was added to 14 mL of S2 cells at concentration of 1x10^6 cells/mL. Transfected S2 cells were pippeted and distributed in 24-well plate (519 ul/well). dsRNA targeting each RBP was then added to each well ($20ug/well). Plates were then incubated at 25 C for 48 hr. Day 3: dsRNA was added to each well and 0.7mM CuSO4 (final concentration) was added to each well to induce the expression of Orb2A unspliced cDNA. The plates were incubated at 25 C for 24 hr. Day 4: S2 cells were collected and devided into two for RT-PCR and western blotting.
Biotinylated RNA binding assay The RNA binding assay was perforemed as previously described by Sakai et. al (Mastushita-Sakai et al., 2010) . Biotin labeled RNAs were synthesized in vitro as decribed in MEGAscript T7 kit (Invitrogen) in presence of Bio-11-GTP (PerkinElmer), sequences of RNA used for biotin labeled RNA synthesis follow:
Wild-type RNA: TCCAAAATTCAAAAATCAT CCACTAAAAATTGC M51 RNA: TCCAAAATTCAAAAATAAT CCACTAAAAATTGC Control RNA: ATTGTACGGTGGAGTATGCTATGCTGGAATTGA Briefly, 2 mL of Drosophila S2 cells per reaction was collected and washed twice with 1X PBS and then lysed in 800 ul of RNA binding buffer (20 mM Tris-HCL, pH 8.0; 150 mM NaCl; 1 mM EDTA, pH 8.0; 5% Glycerol; 0.1% Triton X-100; 1.5 mM Dithiothreitol; 0.2 mg/mL heparin; 0.2 mg/mL yeast tRNA; 0.25% BSA; 1 complete mini protease inhibitor tablet (EDTA free, Roche)) at 4 C with continuous rotation for 30 min. The lysate was centrifuged at 8,000 rpm at 4 C for 10 min and supernatant was collected without disturbing the pellet. 2 ul of RNase inhibitor (40 U/ul; Promega) and $1 ug of biotin labeled RNA were added to the S2 cell lysate and incubated at room temperature for 40 min with rotation. Subsequently 100 ul of M-280 streptavidin conjugated Dynabeads (Invitrogen) was equilibrated in RNA binding buffer and then added to each lysate-RNA mixture and incubated for another 40 min at room temperature with rotation. The RNA-protein complex was isolated using magnetic stand, washed five times with RNA binding buffer thoroughly, boiled in presence of 1% of SDS and then run in 4%-12% Bis-Tris polyacrylamide gel (Invitrogen). The interaction between Orb2A RNA and Pasilla was determined by western blot using anti-Pasilla polyclonal antibody.
Multiplex PCR for Orb2A and Orb2B mRNA in fly head Total RNA was isolated from trained female fly heads as previously described. The concentration of total RNA was measured using NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific) and then total amount of RNA being used for cDNA synthesis was normalized. Orb2 and alpha tubulin 84B specific primers were used instead of random hexamer to generate gene specific cDNAs following in the TaKaRa PrimeScriptÔ 1 st Strand cDNA Synthesis Kit (Clontech) protocol. Gene specific primers used for cDNA synthesis follow:
Orb2 R1: GCACGAGTCAATTAGCTGCTGCAC Orb2 R2: CTATCCATGATCATTGCCAGTTCGAAGG Orb2 R3: GCCGCTATGTAGCTCTGCTGATTCGAGAAG Alpha tubulin 84B R: AAGCCGGAGCCGGTACCTCC RTase was replaced to nuclease free water for RTase minus control sample. PCR for Orb2A/B and alpha tubulin was then performed with synthesized cDNA. Briefly, the reaction mixture was prepared with 2.5 ul of 10X ThermoPol Reaction Buffer, 1 ul of Taq DNA Polymerase (5000 U/ml), 2 ul of Deoxynucleotide (dNTP) Solution Mix (10mM), 1 ul of 10 uM Orb2B forward primer, 1 ul of 10 uM Orb2A/B forward primer, 2 ul of 10 uM of Orb2A/B reverse primer, 2 ul of cDNA and then water to 25 ul. Same reaction mixture was used for alpha tubulin 84B but with alpha tubulin primers. Primers used for PCR follow: 
Data analysis
All raw data from the 7900HT was compiled and exported to a .txt document using ABI 7900HT Sequence Detection Systems software version 2.4. Data analysis was conducted in a Microsoft Excel spreadsheet using a modified version of the 2 (-D DCT) method (Livak and Schmittgen, 2001) . Briefly, the triplicate CT values of a given sample were averaged for Orb2A and Orb2B primer/probe readings. A fold difference of each sample was calculated using the Equation 2^(CT Orb2A -CT Orb2B ). For a given set of 14-16 samples, unless specified, approximately half of the samples were untreated and half were treated in a given condition. The average of the untreated fold difference was then calculated. All differences were then subtracted from the average fold-difference of the untreated sample. In this way, the untreated samples were always a distribution with a mean of 0, while the treated samples had a mean correlating to the alteration in Orb2A spliced to Orb2B ratio caused by the behavioral condition as compared to the mean. Each set of $16 samples was analyzed in this manner, with post hoc compilation of data. Tukey test was used to eliminate outliers prior to statistical analysis.
Statistical Analysis
All statistical tests were conducted using GraphPad Prism for Windows v. 5.02. All of the data met the assumption of homogeneity of variance, therefore unpaired two-tailed t test with 95% confidence interval or one-way analysis of variance (ANOVA) was performed, with Tukey post hoc test between pairs of samples. ANOVA tests for significance were performed a probability value of 0.05 and more stringent values are listed in each figure where applicable. For all experiments, each n is considered a biological replicate; separate trials used independent samples of genetically identical flies. In qPCR samples in which the sample was normalized to an untreated population, a paired t test was used, due to the assumption that untreated and treated flies represented a random sampling of the population with the only variable being the behavioral treatment. On graphs * = p < 0.05, ** = p < 0.01 and *** = p < 0.001. and the hybrid protein Orb2-CG43113. The blue exon represents the unique Orb2A exon and the gray box represents common Orb2A/B exon. The magenta exon is common to all hybrid Orb2-CG43113 isoforms. RB, C, D and H are all referred to as Orb2B mRNA unless specified in the text. The genomic constructs used to determine the role of Orb2A in appetitive associative and male courtship suppression paradigms. The genomic constructs encompasses the entire Orb2 locus spanning into part of the neighboring genes. The Orb2DA construct is identical to the wild-type Orb2 construct except that it lacks part of the Orb2A specific exon including the start site. The genomic constructs were inserted at attP2 site in the 3rd chromosome in orb2 null background for behavioral analysis. (A) The abundance of spliced Orb2B transcript does not change following appetitive associative memory training. The Orb2B abundance was measured by RTqPCR using Taqman probe on cDNA prepared from individual fly head. The statistical significance was determined using one way ANOVA.
Supplemental Figures
(B) The spliced Orb2B mRNA abundance was measured from single fly by mRNA sequencing. In mRNA sequencing 5-6 individual fly heads were used in each experimental group. The data are expressed as mean ± sem and statistical significance was determined by ANOVA. (C) Unspliced Orb2A mRNA level in single adult fly head before and one hour after appetitive associative olfactory training. The unpliced Orb2A mRNA was measured by qPCR and higher CT value indicates lower abundance.
(D) The operant conditioning produces robust short-term but no long-term memory. In the operant conditioning paradigm individual flies were conditioned to avoid one side of a uniform chamber. Each time the fly enters the predetermined ''punish'' side of the chamber the temperature of the entire chamber is heated to 37 C and the temperature is brought back to 24 C when the fly moves to the other ''safe'' side. With repeated training there was an increase in avoidance of the heated side (PI: Untrained, À0.05 ± 0.07, 1 st Training, 0.49 ± 0.01, 6 th Training, 0.93 ± 0.01). When measured immediately after the training there was high avoidance index (PI: @ min after, 0.76 ± 0.03), however, within an hour the performance was similar to the untrained flies (PI: 60 min after, À0.07 ± 0.08, 120 min after,-0.13 ± 0.04). The data are expressed as mean ± sem. (C) Effect of multiple mutation in putative pasilla binding sites in unspliced Orb2A transcript. Western blotting for Orb2A protein was used to assess the production of spliced protein coding transcript. The mutation of both M51 and M52 completely eliminates splicing. However M52 mutation is close to the branch site and therefore not used to determine specifically the effect of Pasilla on splicing.
(D) Binding of various pasilla isoforms is proportional to their relative abundance and M51 mutation reduces binding of all pasilla isoforms. Biotinilated wild-type or mutant mRNA was incubated with total adult head lysates and RNA-bound proteins were probed for pasilla.
(E) HA-tagged pasilla isoforms bind the Orb2A intronic region with similar efficacy. (E) Training in appetitive associative memory paradigm does not lead to significant change in total pasilla LR or pasilla TS mRNA level. Tubulin serves as a loading control.
